n 


A0*Ab&4  2.^i 


UNCLASSIFIED 


RENSSELAER  POLYTECHNIC  INST  TROY  N Y DEPT  OF  MECHANI— ETC  F/6  11/6 
THE  constant  volume  HYPOTHESIS  FOR  THE  INELASTIC  DEFORMATION  OF~ETC(U) 
DEC  77  P HESELTr  E KREMPL  N00014-76-C-0231 

RPI-CS-77-3 


1 


AOA054253 


FOR  FURTHER  TRMI : 

\ • 


Q 


TOE  ^NSTANT  jgDLUME  JgyPOTHESIS  FOR  THE 
JNELASTIC  jpEPORMATION  OP  JJETALS  IN  THE 


SMALL  STRAIN  ^NG^ 


r 


p 

DSpSTrtBiSrt^jniBBRSirHJSfnill^lHCferingy 
Aeronautical  Engineering  & Mechanics 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  12181 


Hewelt  .tfW  E 

■HBCRSirW 


./  Krempl 


1 


y 


] 


DISTBIBUnON  STJnrEMENT  A 

Approved  fox  public  leleoso; 
Distribution  Unlimited 


D D"0 

EJBilEI 

MAY  25  1978 


EisEircrE 
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P.  Hewelt  and  E.  Krenpl 


ABSTRACT 


In  plasticity  and  creep  theory  it  is  generally  assumed  that 
inelastic  deformations  are  volume  preserving.  Available  tensile 
and  creep  tests  were  evaluated  to  see  Whether  the  experiments  confirm 
the  constant  volume  assumption.  None  of  the  experiments  vAilch  were 
done  on  a variety  of  structural  metals  confirmed  the  constant  volume 
hypothesis. 
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Aeronautical  Engineering  s Mechanics 
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introduction 


m the  plasticity  and  creep  theories  for  infinitesimal  deformation  the 
plastic  strains  and  the  creep  strains,  respectively,  are  usually  introduced  as 
deviators*  and  the  total  strain  is  split  additively  into  elastic,  plastic  ^md 


creep  puts 


so  that 


^ ^ ^ pi  a c 

de^j  * dej^j  + de^j  + de^ 


“li  - “u 


i.e.,  the  classical  theories  predict  that  for  every  stress  state  the  mean 
normal  strain  is  elastic  and  that  the  meaui  normal  strain  and  pressure  are 
related  by  the  elastic  bulk  modulus,  usually  the  2d)ove  results  ue  motivated 
by  the  statement,  plastic  and  creep  deformations  are  isochoric  and  this  is 
referred  to  as  the  constant  volume  hypothesis. 

In  the  following  «re  evaluate  published  experimental  results  to  see 
whether  the  constant  volume  hypothesis  is  verified.  Me  mention  that  the 
results  are  not  from  the  "classical**  plasticity  or  creep  literature. 


Other  constructions  are  of  course  possible. 
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check  on  the  Ccmstant  volume  Hypothesis 
a)  Tensile  Test* 

K single  tensile  test  affords  the  possibility  of  checking  on  the 
validity  of  (1)  if  the  applied  stress,  tlte  axial  strain  and  the  two  perpendicu- 
lar transverse  strains  are  measured  simultaneously,  if  the  material  is  truly 
isotropic  the  measurement  of  one  transverse  strain  is  sufficient.  If  (1)  is 
a realistic  representation  of  metal  behavior  the  graph  of  « a vs  > 
e..  + e c._  determined  from  a tensile  test  should  be  a straight  line  [1,2]. 

A literature  survey  was  made  and  the  results  are  sumnarlsed  in  Table  1. 
All  testa  are  done  at  room  temperature,  in  none  of  the  cases  was  a linear 
relationship  of  vs  observed,  rather  the  tw  types  of  curves  shown  in 
Flgs.l  and  2,  respectively  appeared  as  typical  results,  in  some  of  the  in- 
vestigations [3,4, 5,6]  permanent  volume  changes  were  determined,  with  the 
exception  of  [3]  Where  a decrease  in  volume  was  found,  a permanent  volume 

increase  was  reported,  'ftiis  permanent  volume  change  depended  on  the  maximum 

-4 

strain  and  was  generally  small  fw  2 X 10  for  a true  plastic  strain  of  4%, 

[5]  Fig. 9)  but  measvurable. 

Measurements  of  Poisson*  s ratio  v during  cyclic  testing  of  tensile  test 
specimens  under  completely  reversed  strain  control  [9, 10]  show  clearly  that 
the  usually  assumed  value  of  v ~ i/2  is  not  attained  at  a total  strain  range 
of  2%  ([9],  Figs. 7, 8, 9)  and  at  a plastic  strain  five  times  the  elastic 
strain  ([10],  Fig. 8).  Moreover,  the  gra^dis  in  [9]  and  [10]  reveal  a gradual 
transition  from  the  elastic  value  of  Poisson's  ratio  to  v *■  1/2.  These  tests 
then  do  not  support  the  usual  assun^tlon  of  v **  1/2  for  plastic  strains.  It 
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We  are  only  considering  test  data  in  small  strain  range. 
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3. 

should  be  noted  that  a total  of  four  different  steels  were  investigated  in  [9] 
and  [101. 

b)  Creep  Tests 

NO  elevated  ten^rature  creep  tests  were  found  during  which  the  axial 
and  the  trimsverse  strains  were  measured  simultaneously.  However,  room 
ten^rature  creep  tests  during  which  the  three  perpendicular  strains  were 
measured  by  means  of  strain  gages  on  1100  Al  ([11],  Figs. 12  and  13)  show 
clearly  that  volume  is  not  preserved  during  creep,  rather  increases  con- 
tinuously with  time,  see  [12],  pig. 3.  The  increase  is  considerzdsle  and  cannot 
be  neglected. 

Discussion 

The  foregoing  literature  survey  showed  very  clearly  that  the  constant 
volume  assumption  usually  employed  in  creep  and  plasticity  theory  is  not 
supported  by  the  experiments.  Supporters  of  the  constant  volume  hypothesis 
could  point  to  the  fact  that  isotropy  had  to  be  invoked  in  most  of  the  tests 
listed  in  Table  1 to  arrive  at  our  conclusion.  While  the  assunption  of  iso- 
tropy was  necessary  in  most  cases,  there  are  other  instances  listed  in  Table  1 
where  strain  was  measured  in  three  perpendicular  directions.  In  addition  the 
permanent  volume  changes  were  determined  by  other  than  strain  measurements. 
Since  they  are  shown  to  be  consistent  with  the  strain  measurements  [4,5]  the 
volume  changes  obtained  from  the  strain  measurements  are  reliable.  Indeed, 
no  direct  e]q>erlmental  support  for  the  constant-volume  hypothesis  could  be 
found  and  most  plasticity  textbooks  take  the  constant  volume  hypothesis  for 
granted.  An  exception  is  [13] . The  experimental  evidence  cited  in  [13] , 


however,  pertains  to  large  prior  deformations  (16%  and  higher  reductions  in  diameter) . 
The  experiments  show  that  volume  increased  permanently  by  an  amoiint  that  is 


table  1 

SURVEY  OF  PREVIOUS  WORK  ON  a..  VS  6. . IN  A TENSILE  TEST 


Ref. 

Material 

isotropy 

Assumed 

‘^kk  ®kk 

is  straight 

Line 

Remarks 

[7] 

Al  24ST  sheet,  flat 
specimen 

Fully  killed  low  carbon 
steel,  circular  specimen 

Yes 

Yes 

NO 

NO 

All  Ojjjj  vs  ejjj^  curves 
have  the  shape  of  Fig.l. 
Max.  axial  strain  *^10%. 

[81 

24S-T4  AL  rolled 

14S-1^  AL  extruded 

75S-t6  al  extruded 

NO 

1 

NO 

a, , vs  e, , curves  have 
kk  kk 

shape  of  Fig. 2 

[31 

1 

Six  "high  quality  steels" 
Carbon  steels 

Anneal  625°C,  1%  hfs  in 
protective  atmosphere 

Yes 

NO 

Sheurp  yield  point, 
vs  6]^  shape  of  pig. 2; 
permanent  volume  decrease 
.1  to  2%  observed  after 
testing.  Maximum  axial 
strains  3%. 

[1,21 

AL  1100  aa  received 

AL  1100,  annealed 

600°f,  2 hrs 

Cu  as  received 

Cu,  emnealed  750°  F, 

2 hrs 

LOW  carbon  steel, 
annealed  1250°  F,  1 hr 

Yes 

NO 

®^kk  ®kk  have 

the  shape  of  Fig.l  except 
for  carbon  steel  where 
both  the  shape  of  Figs. 1 
and  2 is  observed. 

[41 

AISI  4330  1 with  special 
AISI  4310  •’  heat  treat- 
ment 

NO* 

NO 

3%  mcocimum  strain,  un- 
loading and  reloading  ex- 
periments ; permanent 
volinne  increase;  vs 

®kk  curves  have  the 
shape  of  Fig.  1 

[51 

HY  80  -1  special 

MANAGING  Steel  ^ heat 

treatment 

NO* 

NO 

3%  maximum  strain,  un- 
loading and  reloading  ex- 
periments; permanent 
volume  increase;  vs 

®kk  curves  have  the 
shape  of  Fig.l 

* ReauSlngs  from  four  90°  strain  gage  rosettes;  we  infer  that  isotropy  was  not 
assumed  in  [4]  and  [5] . 


small  centred  to  the  total  deformation  at  the  first  measured  point.  From 
these  measurements  very  little  can  be  inferred  about  the  behavior  in  the  small 
strain  range  of  Interest  here. 

We  further  see  that  the  detailed  nonlinezu:  behavior  of  the  volume  change 
with  deformation  is  still  in  doubt  (compare  Figs.l  and  2)  and  may  depend  on 
the  material.  To  this  end  additional  experiments  are  necessary. 


Behavior  of  Metals  under  Hydrostatic  Pressure 

Another  experimental  observation  related  to  volume  change  is  the  behavior 
of  metals  under  hydrostatic  pressure.  Available  experimental  evidence  [14] 
and  the  results  cited  in  [3]  (specifically  Ref. [1]  in  [3] ) support  a linear 
elastic  relation  between  hydrostatic  pressure  emd  volume  change*.  In  mamy 
Instances  this  lineeur  relation  under  hydrostatic  stress  is  thought  to  Inply  (2). 
However,  this  is  not  so.  It  rather  requires 


and 


de 

de 


ii 

cr 

ii 


} 


for  - p6^j 


(3) 


i.e.,  the  first  Invariemts  of  plastic  and  creep  strain  increments  must  be 
zero  if  the  stress  state  is  hydrostatic.  In  the  above  denotes  the 
stress  tensor,  p the  pressure  and  6^^  is  the  Kronecker  delta.  Equation  (2) 
implies  that  (3)  holds  for  every  stress  state  not  just  the  one  given  in  (3). 
It  is  therefore  more  restrictive  than  required  by  the  test  results  under 
hydrostatic  stress. 


In  this  study  we  are  only  interested  in  pressure  levels  comparable  in  magnitude 
to  stresses  encountered  in  stress  analysis.  The  ultrahlgh  pressures  to  udiich  the 
data  of  [14]  extend  are  of  no  interest  here. 


6. 


It  appears  therefore  that  the  constant  volume  hypothesis  is  not  repro- 


I 


duced  by  the  recent  experiments  quoted  herein,  since  they  cover  a wide 
variety  of  metals  there  is  reason  to  believe  that  the  inelastic  deformation 
of  metals  may  not  be  volume  preserving,  in  addition  the  constant  volume 


assumption  requires  special  precautions  in  conputational  applications  [15] 
which  could  conceiv2d3ly  be  avoided  if  an  improved  constitutive  model  would  be 
available.  It  is  therefore  urgent  to  develop  faithful  constitutive  equations 
for  metals  reflecting  the  recent  observations  which  are  obtained  with  much 
better  equipment  than  was  available  at  the  time  of  the  development  of  the 
"classical  theories"  of  creep  and  plasticity. 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Axial  Stress  o (or  Mean  Normal  Stress  vs.  Measured 

Volume  Change  as  Determined  from  the  Results  of  Tensile 
Tests  in  (7] . 

Absolute  Value  of  Axial  Stress  ? (or  Absolute  Mean  Normal 
Stress  vs.  Measured  Absolute  Volume  Change 

aB  Determined  from  the  Results  of  Tensile  and  Comproaaion 
Tests  Reported  in  [81 . 
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